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Insulators drive nuclear organization by blocking or facilitating interactions between DNA regulato-
ry elements. Ong et al. show that poly(ADP-ribosyl)ation of insulator binding proteins modulates
their ability to physically interact with distant regulatory elements, implicating posttranslational
modifications of nonhistone proteins in genome architecture.Insulators are regulatory DNA modules
that play an important role in genome
organization. They allow genes to func-
tionally interact with cognate regulatory
elements while simultaneously limiting
promiscuous influences from other DNA
elements and neighboring chromatin
domains. How ostensibly similar insula-
tors can perform such versatile functions
is unclear, but in this issue of Cell, Ong
et al. (2013) show that poly(ADP-ribosyl)
ation of insulator binding proteins is a
functional modulator of specific subsets
of insulators.
Our genomes are carefully organized in
complex topological configurations that
drive cell-type-specific gene expression
programs. High-throughput derivatives
of the classical chromosome confor-
mation capture (3C) technique have re-
vealed that chromosomes are partitioned
in hundreds of discrete local chromatin
interaction domains. These topologically
associated domains (TADs) comprise
physically distinct regions that vary in their
sequence and protein composition, chro-
matin compaction, and transcriptional
activity (reviewed in Bickmore and van
Steensel, 2013). The boundaries of TADs
are highly enriched for insulators, genetic
elements that were initially identified by
their ability to protect genes from en-
hancers and prevent the spreading of
one type of chromatin into surrounding
chromatin domains (Gaszner and Felsen-
feld, 2006). In vertebrates, insulator activ-
ity is dependent on the classical insulator
binding protein (IBP) CTCF (Bell et al.,
1999), and deletion of a CTCF-bound
TAD border leads to interactions between
adjacent TADs and misregulation ofexpression (Nora et al., 2012), suggesting
an important role for insulators in restrain-
ing crosstalk among elements in neigh-
boring TADs. However, the majority of
CTCF binding sites are not at TAD bound-
aries but occupy thousands of sites within
TADs, where CTCF is implicated in long-
range interactions between regulatory
DNA elements to establish functional pro-
moter-enhancer loops (Handoko et al.,
2011; Splinter et al., 2006). This suggests
that insulators can act as boundary ele-
ments, enhancer-blockers, and facilita-
tors of spatial interactions between DNA
elements, but the factors that determine
whether they prevent or promote a loop
in a given location remain elusive.
Although CTCF is the only well-charac-
terized IBP in vertebrates, in Drosophila,
the homolog of CTCF (dCTCF) is one of
several known sequence-specific IBPs,
which also include Su(Hw) and BEAF.
These IBPs share a requirement for the
recruitment of one of two cofactors,
CP190 and/or Mod(mdg4), for their
insulating ability. Ong et al. (2013) now
demonstrate that dCTCF, Su(Hw), and
both of their cofactors are PARylated—
that is, posttranslationally modified by
the addition of one or more ADP-ribose
moieties by poly(ADP-ribose) polymerase
(PARP). Using transgenic reporters to
measure enhancer-blocking activity in
PARP-deficient flies, the authors show
that PARylation of CP190 is required
for activity of well-known dCTCF and
Su(Hw) insulators. Consistent with a
proposed role for CP190 in mediating
protein-protein interactions between
remote insulators, PARylation of CP190
promotes interactions with dCTCF andCell 155, Swith components of the nuclear matrix
and lamina, where Drosophila insulators
come together in so-called insulator
bodies.
By analyzing the genomic distribution
of IBPs in the absence and presence of
the PARP inhibitor 3-aminobenzamide
(3AB), the authors find that most IBP
DNA-binding events are not dependent
on PARylation (Ong et al., 2013). Those
binding sites that are lost upon inhibition
of PARylation are found within TADs,
rather than at their boundaries, suggest-
ing that PARylation only affects subtypes
of insulator sites. Given the role of insu-
lators in promoting contacts between
distant DNA elements, the authors then
looked for the importance of PARylation
in long-range interactions from three
PARP-dependent insulators. After a
modified circular chromosome confor-
mation capture approach (4C) identified
dozens of long-range interactions origi-
nating from PARP-dependent CP190
insulator sites, quantitative 3C disclosed
subsets of these DNA interactions that
are affected by PARP inhibition. Alto-
gether, despite not having analyzed the
transcriptional consequences of the
perturbed interactions, Ong et al. (2013)
make a strong case for an important
role for PARylation of IBPs in modulating
the ability of subsets of insulators to
engage in long-range chromatin inter-
actions (Figure 1).
The interesting demonstration that
PARylation influences chromatin topology
also raises questions for future research.
For example, it is not fully clear yet
how PARylation promotes DNA interac-
tions. Studies on the insulator-associatedeptember 26, 2013 ª2013 Elsevier Inc. 15
Figure 1. Poly(ADP-ribosyl)ation Regulates Insulator Function and Long-Range Chromo-
somal Interactions
(A) Poly(ADP-ribosyl)ation of CP190 promotes long-range interactions between insulator elements, which
can cluster at insulator bodies at the nuclear periphery. These loops can modulate gene expression by
promoting or blocking promoter-enhancer interactions.
(B) In the absence of poly(ADP-ribosyl)ation, CP190 binding to insulator elements is largely unaffected, but
CP190 interactions with other insulator binding proteins are impaired. This results in dispersal of insulator
bodies and loss of some (but not all) long-range interactions. Although Ong et al. (2013) have not directly
tested this in vivo, this could result in misregulation of gene expression through the redirection of pro-
moter-enhancer interactions, as illustrated here.complexes in the absence and presence
of PARylated proteins should shed more
light on the function of PARylation of
individual IBPs. Importantly, the authors
show that CP190 and PARP frequently
colocalize on polytene chromosomes,
suggesting that CP190 or other IBPs
may become PARylated in situ and that
PARylation consolidates CP190 binding
to insulators rather than being required
for its recruitment. As PARylation is known
to affect chromatin compaction and the
recruitment of other chromatin proteins
(reviewed by Kraus, 2008), the actual
presence of PARP at insulator sites raises
the possibility that PARP may influence
local chromatin structure by other means
than PARylating IBPs.
What is not yet clear from the 4C and
3C experiments is the identity of the insu-
lators that are no longer contacted in the
absence of PAR. PARylated insulators
show little preference to interact with
each other, and they can still interact
over large distances with both PARP-16 Cell 155, September 26, 2013 ª2013 Elsedependent and -independent insulator el-
ements. In addition, loops emanating
from the selected viewpoints differ mark-
edly in the range of affected contacts,
from 2 Mb for an insulator bound by all
four IBPs to 20 kb when bound by
CP190 alone. Although the example loci
studied by Ong et al. (2013) provide a first
glimpse, the application of genome-wide
looping assays such as ChIA-PET (Han-
doko et al., 2011) in the presence and
absence of 3AB can help to elucidate
the principles underlying the selective
sensitivity of certain insulators to PARyla-
tion.
The mechanism exposed by Ong et al.
(2013) facilitates the modulation of insu-
lator function and long-range interactions
without disrupting CTCF binding at the
insulator sites. This could provide cells
with the means to transiently adjust the
established chromatin organization in
response to environmental stimuli. In
addition, it preserves potential epigenetic
marks established by the binding ofvier Inc.CTCF, which may need to be maintained
during mitosis to provide instructions for
setting up 3D organization in daughter
cells.
Finally, although general principles of
insulator function and nuclear organiza-
tion are well conserved from Drosophila
to vertebrates, CP190 and IBPs other
than CTCF have no recognized human
homolog. However, vertebrate CTCF
also becomes PARylated, which can
both increase or decrease insulator activ-
ity (Witcher and Emerson, 2009; Yu et al.,
2004). As genomic CTCF sites are largely
invariant across cell types, the mapping
of genome-wide binding patterns for
CTCF variants that are modified by PAR
or other posttranslational modification
may reveal unexpected dynamics that
could help explain differences in the
ability to forge or hinder long-range inter-
actions among vertebrate CTCF sites.
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